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Three-dimensional (3D) printing has widespread uses across many industries due to its versatility 
and capabilities. However, freeform fabrication of thermoset polymers remains a technical 
challenge. This thesis combines 3D printing with frontal polymerization (FP) — a method to 
rapidly cure resin — for curing filaments in tandem with the printing process. A partially cured 
dicyclopentadiene (DCPD) resin was developed into a printing ink. Critical rheological 
characteristics were identified, and DCPD inks of varying incubation times were screened to find 
the most suitable properties.  Results of the rheological study indicate that 90 minutes of incubation 
time resulted in optimum print behavior. Problems associated with FP were effectively tackled 
through temperature control across the printing setup. In situ infrared images showed an 
exothermic reaction front propagating during the print process, giving evidence of in situ 
polymerization. The optimized technique produced one-dimensional, two-dimensional and 3D 
freeform prints with excellent fidelity. A self-equilibrating behavior was identified in the reaction 
front, such that the front autonomously tune its speed to the programmed print speed. This 
phenomenon autonomously controls the viscoelastic bridge length, Lb, and inevitably curbs 
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1.1 Three-dimensional (3D) Printing 
 
3D printing, or additive manufacturing, is a bottom-up approach which involves repeatedly 
depositing and solidifying material in layers to build 3D objects. There has been considerable 
research interest in 3D printing in the past decade. The technique provides unparalleled design 
freedom for creating complex geometries,1 improves device performance,2–7 and is applicable to a 
wide range of materials.8–10 Additive manufacturing has been adopted by various industrial sectors 
including the aerospace,1 automotive,11 electronics,4–6 and  biomedical sectors.12–16 The industry 
experienced substantial market growth — from 6 billion to 15 billion U.S. dollars from 2014 to 
2019 — which drives demand for additive manufacturing to become quicker and better.17 
 
This thesis focuses on a printing technique known as direct ink writing (DIW). DIW is applicable 
to a large library of materials; materials such as wax,18,19 hydrogels,20,21 colloidal mixtures,13,22 and 
even stabilized emulsions23 have been successfully used for printing. Compared to other types of 
printing methods, DIW can achieve relatively good resolutions down to 1 µm.9 It is also the only 
few available routes to print a thermoset, which is superior in mechanical performance. However, 
DIW inks are inherently viscoelastic. In general, it limits fabrication to either two-dimensional 
(2D) structures or 3D structures with little to no overhang, in order to minimize weight-induced 
deformation on the bottom layers.9,19  
 
 
1.2 Project Motivation and Concept 
 
Robertson et al. recently reported a novel thermosetting resin that can undergo an autocatalytic 
reaction to cure monomer into polymer rapidly.24,25 The phenomenon is known as frontal 
polymerization (FP) and uses a dicyclopentadiene-based resin to produce a structural polymer. 
Robertson and his coworkers were able to significantly extend the resin pot life from 30 minutes 




The primary objective of this project is to incorporate FP into 3D printing. The printing step and 
solidification step are generally decoupled in DIW, hence incur viscoelastic deformation in the 
prints and extend the processing time significantly.9 FP is particularly promising for DIW since it 
allows curing to autonomously take place during printing. Lebel et al. have shown that by 
simultaneously printing and polymerizing the filament, the cured segment with high stiffness 
provides structural support for the rest of the print.26 This mechanism aids the printing of freeform 
geometries that would otherwise need bottom layer supports.  
 
Besides producing freeform structures, developing a frontal polymerizable resin for DIW can have 
other benefits. Firstly, the chemistry in Robertson’s work uses frontal ring-opening metathesis 
polymerization (FROMP) with relatively high curing speeds up to 1.33 mm/s.24 Additionally, the 
proposed material produces polydicyclopentadiene (pDCPD) which is a structural thermoset with 
superior mechanical properties comparable to aerospace-grade epoxy.25 Thirdly, the post-curing 
step can be eliminated to reduce processing time drastically.  
 
 
1.3 Frontal Polymerization 
 
FP is first initiated by a thermal stimulus to generate local exothermic polymerization. The heat 
from the localized reaction then supplies sufficient energy to adjacent monomer to activate further 
reaction. This continuous process forms a self-sustaining reaction wave that propagates and rapidly 
cures the monomer.27 Sequential snapshots of a FP reaction are shown in Figure 1.1, and the 
reaction front can be observed to travel at a constant speed to polymerize the monomer. The 
proposed resin reacts dicyclopentadiene (DCPD) monomer with second generation Grubbs’ 
catalyst (GC2) to undergo FROMP. The reaction scheme is described in Figure 1.2.24,25 Alkyl 
phosphite inhibitors can be added to control the kinetics of bulk polymerization and form printing 






1.4 Organization of Thesis     
 
This thesis reports on the development and optimization of a FP-based printing technique. Firstly, 
Chapter 2 will discuss using bulk polymerization in the DCPD resin to develop a suitable set of 
rheological properties for printing. Chapter 3 elaborates on the modifications made to an extrusion-
based 3D printer for feasibly printing a frontally polymerizable ink. The printing process is then 
optimized and characterized in Chapter 4. Lastly, Chapter 5 summarizes the various results and 









Figure 1.1. Sequential photographs (left to right) demonstrating a FP reaction. Upon initiation of 
FP, a reaction front propagated at a constant speed in the downwards direction, and transformed 







Figure 1.2. Scheme for the FROMP reaction that rapidly polymerizes DCPD monomer to pDCPD 
polymer. GC2 is second-generation Grubbs’ catalyst, while P(OR)3 is an alkyl phosphite inhibitor. 
Scheme adapted from Reference 25.  
  












RHEOLOGICAL DESIGN OF PRINTING INK  
 
2.1 Criteria for Printing 
 
A frontal polymerizable DCPD resin was chosen as the printing ink in order to achieve 
simultaneous printing and curing. However, the resin cannot be directly used for 3D printing. 
Several important rheological criteria are necessary for a material to become printable. Firstly, the 
ink should exhibit shear thinning effects (under increasing shear rates, the viscosity decreases).3,19 
Low viscosity at high shear rates enables the ink extrusion through fine nozzles, while high 
viscosity at low shear rates allows the extruded filament to maintain its shape upon exiting the 
nozzle. Secondly, the viscoelastic filaments should undergo slow or negligible deformation and 
therefore maintains high fidelity in the final print.  
 
The DCPD resin is a Newtonian fluid (no shear thinning effects) post-mixing and cannot be 
directly used for DIW. However, the resin can undergo bulk polymerization to become a 
viscoelastic gel that possesses the requisite rheology.25 In this chapter, we investigate the 
rheological properties of the DCPD ink for optimizing printability. 
  
 
2.2 Materials and Procedure for Ink   
 
DCPD and tributyl phosphite (TBP) were both purchased from Tokyo Chemical Industry Co., Ltd. 
and used as received. 5-ethylidene-2-norbornene (ENB), second-generation Grubbs’ catalyst 
(GC2), and phenylcyclohexane (PCH) were purchased from Sigma-Aldrich and used as received. 
DCPD and ENB were first mixed in a 95 - 5 wt.% ratio, then degassed overnight at 16 kPa. 1.00 
mg of GC2 was added into 50 µl of PCH and the resulting catalyst solution was sonicated in a 
room temperature water bath for 15 minutes. TBP (0.5 molar equivalents with respect to GC2) was 
subsequently added to the catalyst solution, before mixing into 1.55 g of the DCPD/ENB solution. 
The resin mixture exhibits Newtonian flow behavior fluid post mixing, with a low viscosity (ca. 
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0.01 Pa-s or 10 centipoise) despite varying shear rates. Through incubation, the resin undergoes 
bulk polymerization over time to become a partially cross-linked gel with viscoelastic properties.25 
8 ml of the freshly mixed resin solution was transferred into a 10 ml syringe barrel (Optimum®, 
Nordson EFD) and incubated in a Cincinnati Sub-Zero environmental chamber (MicroClimate) at 
20.0 °C.  
 
Changes in material state can be verified by measuring the storage modulus G’ and loss modulus 
G” in a rheometer during the incubation process. An AR-G2 rheometer (TA Instruments) was used 
to measure the stress response of the ink to an oscillating strain of amplitude 0.1% and a frequency 
of 1 Hz over several hours. The top geometry used was a 25 mm diameter Aluminum flat plate 
and while the bottom geometry was a peltier plate. The peltier plate helped replicate the 
temperature-controlled incubation in the rheometer by maintaining the material at 20 °C. The data 
is compiled in Figure 2.1 with measurements ≤ 1.5 Pa excluded due to torque limitations on the 
transducer. A measure of the viscoelasticity can be derived from tan δ, which can be computed by 
the following equation,  
 .     (1) 
Values for tan δ are plotted alongside modulus data in Figure 2.1. The ink material initially exhibits 
a tan δ greater than 1. This suggests that viscous effects were more pronounced than elastic effects, 
and confirms the liquid-like properties at the beginning of the incubation. At the 71st minute, there 
is a crossover in G’ and G” (tan δ =1), signifying that the material became a viscoelastic gel. 
Beyond 71 minutes, tan δ decreases to less than 1 which indicates that the material increasing 
behaves like a solid.  
 
 
2.3 Shear-thinning Characteristics 
 
Steady shear experiments were conducted in the AR-G2 rheometer (TA Instruments). A thin layer 
of ink material was sandwiched between a 25 mm flat plate and the peltier plate, which was set to 
20°C. Across shear rates from 10-2 s-1 to 102 s-1, all tested inks exhibited increasing shear stresses, 
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as shown in Figure 2.2a. We can correlate the measured stress σ to the material’s apparent viscosity 
η via the following equation,  
,      (2) 
where  is the applied shear rate. Computed values of η are plotted with respect to shear rates in 
Figure 2.2b. Data derived indicates an inverse relationship between the shear rate and viscosity, 
hence verifying the presence of shear-thinning behavior essential for nozzle extrusion.   
 
 
2.4 Stress Relaxation of Viscoelastic Ink  
 
The relaxation rate of printed filaments was assessed by measuring the relaxation modulus of 
several inks in the same AR-G2 rheometer (TA Instruments). A thin layer of ink material was 
sandwiched between a 60 mm parallel plate and a peltier plate set at 20 °C. A constant 10 % strain 
was applied and the response stress was measured. Inks with incubation times between 80 minutes 
to 100 minutes were tested and finds that stress decreased over time, indicating stress relaxation. 
The relaxation modulus GR was computed via the following equation,  
 ,      (3) 
where σ is the measured stress and ε0 is the applied strain of 10%. Values for GR were plotted with 
respect to time in Figure 2.3a. The inks were also printed (hand-extruded) onto a glass slide and 
photographed at specific time intervals. These snapshots are shown in Figure 2.3b to observe the 
rate of relaxation post extrusion. In general, stress relaxation becomes less pronounced with 
increasing incubation times. Ink incubated for only 80 minutes fully relaxed in the rheometer 
within 6 seconds. The physical response is noted in Figure 2.3bi where the extruded filament 
rapidly collapsed into a puddle. Ink incubated for 90 minutes took 12 seconds to fully relax in the 
rheometer, which explains why the filament in Figure 2.3bii took several seconds to gradually 
collapse. In comparison, ink incubated for 100 minutes did not fully relax in the rheometer after 






2.5 Discussions and Conclusion 
 
Shear-thinning properties vital for extrusion are identified in the gelated ink through steady shear 
experiments. Since all tested inks were verified to be able to extrude controllably through fine 
nozzles, the relaxation modulus GR becomes the defining parameter for choosing a most suitable 
ink. Knowledge of the relaxation rates permit us to find a suitable method for solidification the 
filaments. In order to minimize deformation and maintain print fidelity, the viscoelastic material 
need to solidify before relaxation can occur. Frontal polymerization has an advantage over 
traditional curing methods because it reduces the solidification step from hours to seconds.24,25 
Furthermore, by printing and immediately curing the extruded filament, the printing step and the 
solidification step is only lapsed by a short amount of time (< 5 seconds). This mechanism hence 
limits the time available for filaments to relax. Since ink incubated for 90 minutes takes 12 seconds 
to fully relax, it is deemed suitable for our printing use. Discussions henceforth will only refer to 










Figure 2.1. Time sweep measurements of G’ and G’’ in the rheometer. Evolution of tan δ is 
indicative of the material state transformations during the incubation process. Liquid resin (tan 
δ >1) gains viscoelasticity (tan δ =1) and becomes a gel at 71 minutes. When left to incubate for 






Figure 2.2. (a) Measured shear stress and (b) viscosity values for ink at different incubation times 
(80 minutes, 90 minutes, and 100 minutes) across a range of shear rates. 
a
b














































Figure 2.3. Stress-relaxation response of inks at varying incubation times. (a) Measurement of the 
GR when subjected to a constant 10% strain at 20 °C. (b) Snapshots of filament after being extruded 
onto a glass slide. Time values on the top-left of each snapshot indicate the time material was 
allowed to relax on substrate. Scale bars are 2 mm.  
Incubation time = 80 min
0 s 0.1 s 1 s
Incubation time = 100 min
0 s 10 s 100 s
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3.1 Considerations in Setup Design 
 
Asides from rheological prerequisites, there are numerous experimental parameters to adjust for 
accommodating a frontally polymerizable ink. Firstly, the gel ink has to be stable during the 
printing process, but bulk polymerization induces changes in the rheological properties over time 
and limits the working time.27 Secondly, we need to ensure that the reaction front does not travel 
up the nozzle and polymerizes the ink reservoir. Also, the high surface-to-volume ratio in the 
filaments lead to large amounts of heat loss which causes the front to quench. For printing at higher 
resolution (< 1 mm filament diameter), reducing heat loss is essential. Lastly, a thermal trigger is 
required to initiate the FROMP reaction.   
 
 
3.2 Printhead Design 
)/ Pressure-extrusion based 
Since ink rheology changes rapidly at room temperature from continuous bulk polymerization, we 
first investigated the available working time for printing. Steady shear tests were performed on the 
ink at 10-minute intervals according to the procedure described in Section 2.3. The shear-thinning 
behavior was found to change drastically within a short span of 20 minutes, as shown in Figure 
3.1a. This rheological change meant requiring higher extrusion pressure as the ink evolves, and 
contributes to poor print reproducibility. Furthermore, shark skin surfaces start to appear on printed 
filaments after 20 minutes of printing, as seen in Figure 3.2. The higher degree of crosslinking in 
ink led to destructive shearing of the polymer structure during extrusion, and eventually resulted 
in the undesirable surface morphology.  
 
Subjecting the ink to lower temperatures decelerates the crosslinking and therefore minimizes 
changes in rheological properties. Results from steady shear experiments at -5 °C are plotted in 
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Figure 3.1b, indicating negligible changes to the shear-thinning behavior for up to 2 hours. To 
attain a 2-hour working window, we attempt at chilling the ink to -5 °C during printing by 
incorporating a thermoelectric cooler on the printhead. The cooling device consists of peltier 
modules (HP-199-1.4-0.8, TE Technology, Inc.), heat exchangers (CP20, Lytron®) and a coolant 
circulator (F32, Julabo). The coolant fluid is a mixture of water and ethylene glycol (50 vol% each) 
chilled to 2 °C, and was pumped into the heat exchangers for heat removal from the attached peltier 
modules. The peltier modules were powered through a proportional-integral-derivative (PID) 
temperature controller (TC-48-20, TE Technology, Inc.) for regulating the printhead at -5 °C. A 
photograph of the modified printhead is shown in Figure 3.3. We found that in modifying the 
printhead, the metal nozzle used for printing was subjected to lower temperatures as well. Heat 
loss to the nozzle results in quenching of the reaction front at the nozzle tip. This conveniently 
prevents the front travelling up the nozzle and polymerizing the ink reservoir.   
 
A heat trigger for FROMP was designed into the setup by heating the printing stage. The DCPD 
gel has to be in contact with a heat source of temperature ≥ 60 °C for intiating FROMP. The stage 
is a flat aluminum plate attached to a polyimide film heater (KH-608, OMEGA®) on its underside. 
Stage temperature was held constant at 70 ◦C via a PID temperature controller (CNi16D44-AL, 
OMEGA®). Printing close to the stage (≤ 20 mm in height, air temperature between 40 °C – 70 °C) 
helped reduces heat loss; doing so eliminates front quenching for filament of diameters ≥ 410 µm 
and improves the printing resolution achievable. 
 
3.3 Printing Procedure 
Description of the printing process; Outline parameter space  
The printing setup consisted of a printhead mounted on a 3-axis robotic stage ABL9000 (Aerotech 
Inc). The mechanism for depositing ink is illustrated in Figure 3.4. Pressurized air actuates a piston 
in a pressure dispensing tool (HP10cc, Nordson EFD) to push ink out of the print barrel. The 
pressurized air was delivered from a compressed air tank (Airgas) to the printhead via an air-
dispensing system Model 800 (Nordson EFD). Stainless steel nozzles (Optimum®, Nordson EFD), 
with inner diameters ranging from 410 µm to 1.55 mm were fitted to the print barrel. Extrusion 
pressure used ranged from 290 – 724 kPa depending on the nozzle diameter and programmed 
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nozzle speeds. A custom-designed software RoboCAD 2.0 simultaneously controls the stage 
motion and air pressure delivered during the printing process.  
 
3.4 Conclusion 
Printing setup is shown to work well –prints, FP-able 
The frontally polymerizable DCPD ink was successfully integrated to a traditional DIW setup by 
making two modifications: (1) chilling the printhead to -5 °C, and (2) heating the stage to 70 °C. 
Temperature alterations alone were suffice because FROMP kinetics is governed by the Arrhenius 
equation and show strong temperature dependency.27 Therefore, by increasing the temperature 
where FROMP desired, and decreasing the temperature where FROMP is unwanted, we 
effectively controlled the printing mechanics. Details of the printing process and behavior of front 








 Figure 3.1. Evolution of shear-thinning properties over time (a) at 20 °C and (b) -5 °C. Shear-
thinning behavior changes rapidly at 20 °C within 20 mins. In comparison, the shear-thinning 
behavior changes much slower at -5 °C, effectively extending the available working time to 2 
hours. 
 
Figure 3.2. Shark skin surface was observed on the extruded filament after 20 minutes of printing 










Figure 3.4. Schematic of the printing assembly. Printhead consists of a pressure-dispensing tool 
and a cooling device that regulates the ink temperature at -5 ◦C. Filament is deposited on a stage 








4.1 Printing Results 
Proof of concept of simultaneous printing and curing 
The developed ink and printing assembly described in previous chapters were used as documented. 
A block of aluminum was placed on the stage to create a ledge (substrate temperature = 70 °C, 
height 20 mm).  A single line of filament was extruded, starting from the heated ledge and into 
mid-air. Thermal infrared images were captured using a T1020 FLIR infrared camera during the 
print process. The filament is first deposited on the heated ledge where it is heated up, as seen in 
Figure 4.1a and 4.1b. Heat from the substrate then initiates FROMP, which is indicative from the 
hot front in Figure 4.1c. This reaction front then travels along the length of the filament as shown 
in Figure 4.1d. These images proved the successful incorporation of simultaneous FROMP-based 
curing during printing. A schematic representation of the mechanism is depicted in Figure 4.2.  
In-air polymerization yields freeform structures  
Furthermore, the self-propagating front continued polymerizing the suspending filament in Figure 
4.1d. This observation implies the reaction front can sustain despite no direct contact with the heat 
source. Also, similar to work from Lebel et al., the stiff segment (cured) of the filament act as a 
support structure to the viscoelastic section (uncured) of the filament, thus holding up the structure 
during its fabrication.26 These two factors are imperative in manufacturing freeform structures. 
One-dimensional (1D) and 2D suspending structures were printed on the heated ledge setup. A 
Canon EOS 7D digital camera was used for documenting the printing process. A straight line of 
filament was printed at the same speed to the front propagation and shown in Figure 4.3a. The 
cantilevered filament did not display observable gravity-induced deformation. By matching the 
print speed to the nozzle speed again, a suspended Fermat’s spiral was printed and shown in Figure 
4.3b. The fabricated 2D structure was found to closely conform to the intended structure, 
exhibiting superior print fidelity. Both filaments have cross-sections with a high degree of 
circularity. A representative cross section was imaged by an optical digital microscope (VHX-




Complex 3D architectures can be fabricated in a similar fashion. Figure 4.5 shows a 3D helix 
printed and simultaneously cured.25 The spiral was directly printed onto the stage instead of a 
ledge. However, the printing mechanics was identical to the 1D and 2D case. The gel filament was 
first deposited onto the heated stage for FROMP initiation in Figure 4.5a. In Figure 4.5b, the 
reaction front self-propagates along the filament which starts to lift off the stage. In Figure 4.5c, 
the front consistently follows the nozzle (~ 2 mm away) along the extruded filament which gets 
polymerized into pDCPD. The cured segment of the filament is adequately stiff to support and 
prevent the helix structure from collapsing. The process took 2 minutes to complete, and the 
completed print is shown in Figure 4.5d. The structures fabricated exhibit excellent print fidelity 




4.2 Self-equilibrating Front 
 
Attempts to characterize the front speed led to the discovery of a self-equilibrating behavior in the 
reaction front. A single filament line was directly printed onto the heated stage, recorded using the 
digital camera (EOS 7D, Canon), and analyzed using a video analysis software (Tracker). On a 
70 °C plate, the front propagates at a constant speed of 2.5 mm/s. When the nozzle travels at a 
print speed greater than 2.5 mm/s, the front remained unaffected and propagated at its natural front 
speed of 2.5 mm/s. Data corresponding to this observation is plotted in Figure 4.7a. 
Interestingly, if the nozzle is set at a print speed slower than the natural front speed, the conditions 
now favor a slower front speed. This leads to the front decelerating and eventually equilibrating to 
the set print speed. Data in Figure 4.7b shows proof of a self-equilibrating front. The front 
autonomously decelerated to 1.7 mm/s, which is the programmed print speed. This equilibrating 
behavior was found to extend across print speeds from 1.5 mm/s to 2.5 mm/s.  
 
Investigation is underway to explain the self-equilibrating phenomenon. We hypothesize that the 
colder printhead function as a heat sink and can affect the thermal distribution when the front close. 
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Since reaction kinetics for FROMP is strongly dependent on temperature, colder filament 
temperatures can reduce front speeds. In order to investigate the influence of temperature on front 
speeds, glass tubes of diameters ~ 4 mm were filled with the DCPD ink, and embed with a 
thermocouple. The setup is shown in Figure 4.8a. The glass tubes were chilled using ice before 
initiating FROMP. Immediately before the front contacts the thermocouple, both the gel 
temperature and front speed were documented. The data is plotted in Figure 4.8b and finds that 
lower ink temperatures result in slower front speeds. This experiment supports the hypothesis, but 
more evidence is required for confirmation. Future work involves identifying the temperature 
range relevant to the printing process and performing the abovementioned experiment over a wider 
range of relevant temperatures.   
  
 
4.3 Deformation Control 
 
Self-equilibrating behavior in the reaction front is effective for minimizing deformation in 
spanning prints. Deformation can become significant when there is a mismatch between the front 
speed and print speed. Figure 4.9a shows an example of a failed print that deformed due to its 
weight. The front was lagging behind the printing nozzle in this case and allowed the viscoelastic 
segment of the filament to grow and incur deformation. It is vital to match print and front speeds 
to control the viscoelastic bridge length, Lb, for optimum print fidelity. Lb is labeled in Figure 4.2 
for clarity. Likewise, printing curvatures in air require small values of Lb. As illustrated in Figure 
4.9bi, a small Lb better captures the curvature since the bridge can align better to the tangent of the 
curvature. Figure 4.9bii shows helix specimens that exhibit a greater extent of deformity when 
fabricated with increasing print speeds.   
 
In the presence of a self-equilibrating front, control is autonomously imposed on Lb. The Tracker 
software was used to measure Lb in a self-equilibrating case, and the data is plotted in Figure 4.9c. 
Lb quickly decreases to < 4 mm within 6 seconds and plateaus at approximately 1 mm, 





FROMP-based curing was successfully incorporated the printing process, fulfilling the primary 
goal of this project. Infrared images captured during printing proved that simultaneous printing 
and curing is possible and that the reaction front self-propagates along the filament. As the reaction 
front passes through the filament, the polymerized segment exhibits high stiffness, which we 
exploit for fabricating freeform structures. In addition, the reaction front can autonomously tune 
its speed to the programmed print speed, a phenomenon we coined the self-equilibrating front. 
This behavior enables autonomous control over the viscoelastic bridge length, Lb, thus minimizing 







Figure 4.1. Sequential infrared (IR) snapshots of the printing process. (a) The nozzle and stage are 
both labeled for visualization. DCPD filament was extruded from the nozzle and onto the heated 
ledge. (b) Filament deposited on the 70 °C substrate gradually heats up. (c) FROMP is initiated, 
and a hot reaction front was observed moving along the filament. (d) As the nozzle moved away 
from the ledge (heat source), the reaction front continued to propagate along the filament. Scale 





























Figure 4.2.  Schematic illustration of printing and in situ polymerization. Filament extruded from 
the nozzle exists in a viscoelastic gel state and is quickly polymerized by the reaction front to form 
a stiff polymer. The viscoelastic segment of the filament bridges across the nozzle and the 












Figure 4.3. Demonstration of in-air printing for (a) 1D and (b) 2D structures. The reaction fronts 
are visible due to the reflective-index mismatch between the gel and polymer. Inset in (b) shows 














Figure 4.5. Optical images reveal the printing process of a 3D freeform helix. (a) Extrusion of 
DCPD gel filament onto the heated stage. (b) FROMP was thermally initiated, transforming the 
DCPD gel into solid pDCPD polymer. As the nozzle began extruding mid-air, the front propagated 
along the suspended filament and followed behind the nozzle. (c) The front continued following 
the filament, polymerizing it upon extrusion. (d) A polymerized, freeform helix is fabricated within 








Figure 4.6. Optical images of high fidelity prints fabricated, including (a) a helix, (b) a ball 






Figure 4.7.  (a) Speed-time graph for when print speed is greater than the natural front speed. The 
front remains unaffected and gradually approaches its natural front speed of 2.5 mm/s. (b) Speed-
time graph for when print speed is lesser than the natural front speed. The front decelerates to the 



















b Vprint= 1.7 mm/s




























Figure 4.8.  (a) Experimental setup for investigating the effect of ink temperature on front speeds. 
Glass tube is filled with DCPD ink and thermally initiated to undergo FROMP. Temperature and 
front speed are recorded just before the front reaches the thermocouple. Scale bar is 10 mm. (b) 
Data shows a positive correlation between the gel temperature and front speed, suggesting that 


































Figure 4.9. Examples of failed print attempts are shown in (a) and (b). (a) The deformed filament 
is the result of large Lb, allowing gravity to incur deformations. (bi) Illustration depicting the 
importance of Lb to print fidelity. The dotted lines indicate the intended print path and each 
filament is divided into the uncured (beige) and cured segment (brown). When Lb is large, the print 
experience greater deviation from the print path since the bridge do not conform well to curvature 
tangents as when Lb is small. (bii) Increasing print speeds led to larger values of Lb, and resulted 
in increasingly deformed helix specimens fabricated. Scale bars are 5 mm. (c) Lb decreases quickly 





CONCLUSIONS AND FUTURE WORK 
 
 
5.1 Conclusions  
 
Evidence of in situ polymerization during printing is shown, fulfilling the primary objective to 
incorporate FP into 3D printing. Characterization reveals a self-equilibrating behavior in the 
reaction front that can autonomously tune its speed to the programmed print speed. This 
phenomenon minimizes the viscoelastic bridge length, Lb, to curb deformations and allows for 
excellent print fidelity. The results show that a powerful printing technique is developed, and is 
useful for rapidly building freeform structures. Furthermore, the material formed is a thermoset, 
which possesses excellent thermal and chemical stability, and good mechanical properties. 
 
 
5.2 Future Work 
  
The developed printing technique is shown to be very promising for fabricating freeform prints 
and is of interest for future investigation. The mechanical properties of printed specimens should 
be examined and compared with conventionally cured specimens, to assess if the technique is a 
feasible fabrication route for mechanically strong structures. The interfacial bond strength between 
adjacent filaments may also be investigated via mechanical tests elaborated in printing 
literature.2,28 Reasons for the self-equilibrating phenomenon remain unclear and require a thorough 
characterization of the printing process. Understanding the influence of temperature on front 
speeds can help elucidate the mechanism, but relevant processing temperatures will need to be 
used. 
 
There is potential to improve the printing resolution to produce extremely small architectures. The 
current setup can successfully fabricate filaments down to a diameter of 410 µm before FROMP 
can no longer sustain propagation. Thinner filaments have high surface-area-to-volume ratio that 
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allows too much heat loss to propagate the front continuously. However, the issue can be solved 
by printing in higher ambient temperatures to reduce heat loss and alleviate front quenching. 
 
It will be beneficial to develop a full process model of the fabrication method. Since many factors 
have to be taken into consideration to yield a successful print, a lengthy trial-and-error approach 
was taken to find the appropriate print code for each print structure. It is considerably more 
efficient to dissect the physics of physical processes taking place (such as accounting for die swell 
to calculate filament diameter, prediction of front speeds from thermochemical modeling, and 
minimization of slumping of the viscoelastic bridge) and computationally optimize the printing 
code. Building a theoretical framework of the print process can advance this technique to 
programmably fabricate highly intricate architectures.   
 
Finally, the technique can be extended to fabricate nanocomposites or functional materials. 
Coaxial extrusion of different printing inks can form a core-shell composite structure with novel 
applications.5,29 Mixing suitable additives into the ink can tune or enhance the mechanical, 
electrical, or optical properties of the material.9 Functionality such as stimulus-responsive and 
shape morphing may also be imparted.7,22 Continuous reinforcements such as continuous carbon 
fiber can be printed with the thermosetting ink to manufacture high-performance continuous 
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